Introduction
Uncertainties in material properties, geometric dimensions, loads and other parameters are always unavoidable in engineering structural problems [1] [2] [3] [4] . They have played a more and more important role in the structural reliability analysis. In order to obtain the objective of reliable design, the effects of the various uncertain parameters should be rationally considered and treated. The probabilistic models are widely used to describe the uncertainties and they have been proved very effective in the structural reliability problems [5] [6] [7] . However, it is difficult to estimate precise values of parameters to accurately define the probability distributions because of inaccurate and insufficient information. Once the assumption about the probability distributions is not satisfied, the structural reliability analysis seems doubtful and meaningless. Moreover, some researches [8] [9] [10] [11] have also indicated that even small deviations from the real probability distributions may cause large errors in the reliability analysis.
The fuzzy set theory provides a useful complement of classic reliability theory, in which the probabilities of the system elements can be not certain. Cai [12] presented different forms of "fuzzy reliability theories". In some recent research, a general fuzzy multistate system model and corresponding reliability evaluation techniquefuzzy universal generating function were proposed in [13] and [14] , respectively, for dealing with the fuzziness of engineering systems. Similar with the probabilistic models, the membership functions of the uncertain parameters need to be established before carrying out structural reliability analysis with the fuzzy set theory. The nonprobabilistic reliability method and set model can be another direction for coping with the uncertain parameters. Although obtaining the precise probability distributions or membership functions of the uncertain parameters seems very difficult in many cases, the ranges or bounds of the uncertain parameters can be established relatively easily. Nowadays, there is not a precise method to find the precise intervals or the precise bounds of the uncertain parameters. However, one of the most feasible methods to find the approximate precise intervals or bounds of the uncertain parameters is "expert scoring method". For example, for a system uncertain variable x , several experts can given difference intervals or bounds for the variable. Sometimes, these intervals or bounds are not all the same, the method to handle these intervals or bounds are "average arithmetic". For example, there are n intervals scoring by n experts for an uncertainty variable x such as 1 2 3 , , ,
The result interval of uncertainty variable x expressed as ( )
Some researcher such as Ben-Haim [10, 11] proposed that it was more rational to describe the uncertain parameters with the set models instead of the probability models when the statistic information about the uncertain parameters is insufficient. Based on this idea, the concept of nonprobabilistic reliability based on the convex model theory was proposed clearly by Ben-Haim in 1994 [11] . In recent years, the nonprobabilistic reliability theory develops rapidly. Elishakoff [15] discussed the concept of nonprobabilistic reliability and pointed out that the reliability of structures should belong to an interval rather than a certain value. Through interval analysis [16] , a nonprobabilistic model of structural reliability was proposed by Guo et al [17] which the reliability was measured as the minimum distance from the coordinate origin to the failure surface. Based on the interval interference model of stress and strength, Wang and Qiu [18] defined the nonprobabilistic reliability index as the ratio of the volume of safe region to the total volume of the region constructed by the basic interval variables. In addition, the nonprobabilistic approaches have already been effectively applied to many practical structure problems in presence of various uncertainties. For example, they were used in the analysis of shells with imperfections in [19, 20] , stress concentration at a nearly circular hole with uncertain irregularities in [21] and sandwich plates subject to uncertain loads and initial deflections in [22] .
In this paper a new nonprobabilistic set model for reliability assessment of structural system is proposed. Interval variables are used to represent the parameter uncertainty. The nonprobabilistic reliability of structure is http://dx.doi.org/10.5755/j01.mech.17. 1.208 defined as the satisfaction degree between the stressinterval and the strength-interval. The interval analysis based on the first-order Taylor series is used to calculate the corresponding reliability. The illustrative example is presented to demonstrate the technique.
Interval variable and its operations
Before further discussion on the nonprobabilistic set model of structural reliability, a brief view of the definitions of the interval variable and its operations is provided. Assume that x denotes an uncertain parameter in the structural reliability problem, and it varies within a closed interval
is defined as an interval variable; x and x is the lower bound and upper bound of the interval x y are obtained as [23] [
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Supposed that ( ) I R denotes the sets of all closed real intervals.
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x x ∈ n are arbitrary interval variables which are independent with each other. The linear combination of these interval variables can be formed as follows 
3. Satisfaction degree of the relation
Different with the size relation of two real numbers, the size relation of two intervals is a kind of partialorder relation [24] which is usually denoted with the satisfaction degree of the two intervals. Here the concept of satisfaction degree of the relation
is actually a fuzzy set definition which represents the possibility that one interval is larger or smaller than the other. It is often used to compare intervals. Assumed that there are two intervals [ 
Nonprobabilistic set model of structural reliability
As described in the introduction, structural reliability is subjected to many uncertain parameters. Therefore, the stress S and strength of the structure can be denoted as the functions of these uncertain parameters R ( ) ( 1 2 , , ,
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where
is the parameter set impacting on the stress S , such as concentration forces, distribution forces, bending moments and so on.
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is the parameter set impacting on the strength R , such as material properties, geometric dimensions, surface cracks and so on. According to the basic idea of nonprobabilistic reliability presented by BenHaim, all the uncertain parameters are described with interval variables in this paper, which are
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Based on Eqs. (14) and (15) 
is the first-order partial derivative of the stress at the center (18) and (19) into Eqs. (20) and (21) , , , , , ,
According to Eqs. (8), (9) and (22), the center and radius of the interval 
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According to Eqs. (8), (9) and (23) 
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According to the stress-strength interference model, the reliability criterion of structure design is that the stress of the structure is less than or equal to the strength of the structure. Therefore, based on the principle of satisfaction degree of interval, a nonprobabilistic reliability of the structure can be defined as the satisfaction degree between the stress-interval 
Illustrative example
Gears are widely used in many practical engineering systems. The gear transmission system plays an important role in modern industry. However, in the process of gear meshing, contact stress will be produced which causes pitting. Systems including gears meshing shocks with the increase of the pitting, which will lead to the decrease of the transmission efficiency and accuracy. Therefore, contact fatigue analysis is necessary and important for increasing the reliability of gear transmission. In this section, the nonprobabilistic reliability of the contact fatigue of a pair of spur gear meshing of a reducer is calculated. According to reference [26] , the calculated contact stress H σ is denoted by the formula , Obviously, the nonprobabilistic reliability is a little smaller than the probabilistic reliability and it means that if the calculated result by nonprobabilistic approach is thought to be reliable, the calculated result by probabilistic approach is absolutely reliable. From the result there is a conclusion that the method proposed in the paper is not as same as the probabilistic reliability method which assumes that all the variables are of uniform distribution. The nonprobabilistic method is more conservative than probabilistic method because there is no human assumption for system parameters distribution. Comparison of results between the proposed nonprobabilistic method and the probabilistic method has shown that the reliability by using the proposed nonprobabilistic method ( 0.9989 R = ) is a little smaller than using the probabilistic method (R ). Hence it is reliable with the proposed nonprobabilistic method. 1 ≈
